ABSTRACT: All landscapes are subject to stress fields, conditioned by their formation and ongoing tectonic and geomorphic changes. With this ESEX Commentary we wish to stimulate a debate on this invisible but persistent stress control on landforms, processes and materials in geomorphology. We address the legacy of active and passive stress fields, which translates into the concept of 'tectonic predesign', in conjunction with a perspective of geomorphic processes being driven by subcritical stresses. These concepts complement each other as 'subcritical processes' are controlled by tectonic predesign and in turn modulate the stress fields. This offers new theoretical and practical perspectives on how landscapes evolve, processes form materials and how rocks break easily.
Introduction
Underlying concepts, theories and assumptions predefine our understanding of the evolution of landscapes and the processes forming them. Explicitly and implicitly geomorphological imaginaries form. They evolve by a repeated probing of the interplay between reason and desire, social and symbolic order, and the real and its expressions in visual, statistical, or other representational modes of imaging. Imaginaries can facilitate scientific developments, an apparent sense of objectivity and certitude in our research and teaching. A simple and widely used framework to explain landscapes, landforms and changes thereof, from short-term to long-term evolution, has been employing the triangle relationship of material, form, and processes (MFP triangle) (Church, 2010; Phillips, 2017) . Materials generally constitute resisting forces while processes drive the change in form. Thus, any process and change in form occur if the extractable disturbing forces exceed the mobilized resisting forces. Or as Gilbert (1877, pp. 93-94) stated: '[a] ll indurated rocks and most earths are bound together by a force of cohesion which must be overcome before they can be divided and removed'. This may imply relative simple relationships, the primacy of erosional processes and the search for critical states. We could also reconsider whether this imaginary of landscape evolution still matches the conceptual framework or if our assumption of critical states in processes yield the observed outcome? To a greater extent, Yatsu (1992) in his highly debated reconsideration of geomorphology argued that by hiding behind descriptions and suggestive models, geomorphologists neglect physical laws and impede transferability, reproducibility and knowledge of geomorphic processes and forms. While this could be dismissed as a provocative exaggeration, some limitations of the aforementioned framework and its imaginaries in geomorphology have surfaced, especially in quantitative geomorphology and system predictions.
First of all, the relationships of form, material and processes are probably not linear, are essentially feedback relations, and depend on initial conditions, memory effects, and internal thresholds (Smith et al., 1999; Phillips, 2003; Krautblatter and Moore, 2014) . This is not new, but most rate and process laws cannot adequately reproduce these system linkages, and nonlinear systems challenge quantification strategies and model designs (Viles, 2005) . Second, each component of the triangular relationship is treated individually or in relation to one other, which can have some intriguing results. For example, for studies solely focussing on the physics of a process the integration of simple rock properties can become an outstanding challenge or it appears as a seemingly surprising fact that there is a topographic control of bedrock fractures and erosion (Roy et al., 2016; Moon et al., 2017; DiBiase et al., 2018) . Third, although each study of the component of the MFP triangle might have a clear foundation in physics they are limited to the specific domain (by parameters or concepts) they do not offer a common framework on how these components are interconnected.
In this ESEX Commentary, we wish to stimulate a debate in geomorphology by suggesting a conceptual perspective on the processes, materials and forms we study. We will not reinvent the wheel but rather point out the complementary nature of two existing concepts, namely subcritical processes and tectonic predesign, which have been dwelling separately in the geoscience community for decades. Their common conceptual ground is the stress control perspective. Stress control in the sense that dynamic stresses are the driver of processes, static stresses state the form and internal stress or strength characterizes materials. By combining these concepts, we think this provides a new perspective which can strengthen our understanding of how landscapes evolve. The ideas in this commentary have been presented in a comic style poster at the General Assembly of the European Geoscience Union 2017 (see Supporting Information), which sparked many fruitful discussions in an otherwise stern and sober discourse of theoretical geomorphology. We tried to adopt this style to illustrate our proposed conceptual blend. In the following, we want to briefly introduce both concepts and show where they overlap and interdepend, and then sketch the suggested benefits of their combination.
Of Geomorphic Processes and Subcritical Mechanisms
By geomorphic processes, we ascribe the bulk change in form or volume, subtractive or accumulative in space and time grouped to e.g. fluvial, glacial, or hillslope domains. These changes or processes are themselves driven by tectonics and gravity, providing uplift (renewal of material) and potential gradients, and solar radiation, enabling atmospheric circulations.
If these processes are pictured independent of the resisting forces (material), as the sole driving force of change, this can transmit extreme imaginaries of processes such as buzz-sawing glaciers, or rivers, aggressively incising their bed ( Figure 1A ). Hence if we would actually place the magnitude of the processes in relation to the bulk material strength, the extractable driving forces reach typically about 1-10% of the resisting forces, and are therefore subcritical (Wolman and Miller, 1960; Hantke and Scheidegger, 1999; Iverson et al., 2003; Brain et al., 2014; Preisig et al., 2016) . Nevertheless, the prevailing erosional origin of valleys by fluvial or glacial shear forces is a widely accepted theory (Scheidegger, 2004) . To deem processes to the oppositional view of glaciers simply cleaning up or rivers juggling sediment ( Figure 1B) , neither enhances our understanding of where and at what rate geomorphic work is done or stresses are effective. Notably in slope (in) stabilities, the apt adjective 'effective' has been posted by Terzaghi to denote those forces (stress, cohesion, pressure) which in interaction with e.g. material strength, deformation, shape and environmental conditions (especially water pressure), are actually available (Terzaghi, 1943 (Terzaghi, , 1962 Whalley, 1974) . Still this does not solve the apparent discrepancy between the magnitudes of the driving and resisting forces.
Because erosion and fractures are ubiquitous there have to be some mechanisms acting at subcritical stress levels, which over time and aggregated, exhibit behaviour we call process. In this sense, processes can be conceptualized as functional integrals of specific mechanisms (Derbyshire et al., 1979; Whalley, 1987) . These subcritical mechanisms are considered to be stress controlled in two ways. On the one hand, by the A. VOIGTLÄNDER AND M. KRAUTBLATTER internal stress state of the material, due to preconditioning and stress concentrations. On the other hand, by interaction of the former with the subcritical external driving forces. Next to the stress controls, geometric and scale properties pose a control on subcritical processes, especially subcritical crack growth. Concepts of subcritical crack growth thus widely rely on the so called Griffith criterion which postulates that the effectiveness to progressively fracture a material depends on the geometry and length of an initial flaw or crack subject to the subcritical stress or energy (Griffith, 1921; Lawn, 1993) . The concept of subcritical processes has, in a more specific notion known as subcritical crack growth, been adopted from material sciences and introduced in geosciences in the 1970s by Atkinson (1987) . In studies concerned with the rheological behaviour, it is an increasingly advanced and reviewed concept (Nara et al., 2010; Brantut et al., 2013; Ko and Kemeny, 2013) . Similarly, Bjerrum and Jørstad (1968) also suggested in the late 1960s to conceptualize and investigate rock slope failures as an input of energy at subcritical levels in concert with the material (pre)conditions. In geomorphology, this conceptual idea or subcritical crack growth was not further pursued except in some weathering studies (i.e. Whalley et al., 1982) . Recently this has been invoked to explain weathering under subcritical thermomechanical stresses and chemically enhanced stress-corrosion (Aldred et al., 2016; Eppes and Keanini, 2017) and is adducted in a few examples to explain progressive rock failures (Faillettaz et al., 2010; Voigtländer et al., 2018) .
In a conceptual view of subcritical processes, the geomorphic processes simply provide forces of a certain magnitude and direction. The forces exerted on an interface, thus stress, facilitates (subcritical) mechanisms like abrasions and plucking, wear, corrosion, cracking, pressure solution and friction, flaking and fatigue, armouring, sorting and packing of materials (i.e. Krabbendam and Glasser, 2011; Egholm et al., 2012; Jia et al., 2015; Beer et al., 2017; Eppes and Keanini, 2017) . These mechanisms are physical/mechanical and, or chemical and, or biogenic by nature. Subcritical mechanisms operate on the microscale (Atkinson, 1987; Lawn, 1993) , where they manifest in observed macroscopic behaviour, thus processes (i.e. Brantut et al., 2012; Gratier et al., 2012; Pelletier and Jerolmack, 2014; Masteller and Finnegan, 2017) . However, knowledge of this upscaling behaviour is still limited because the investigated mechanisms are usually isolated from possible emergent geomorphic processes, considering only single fractures or local abrasion. Nonetheless, one of the great debates of the early twentieth century (and ongoing), on the primacy of fluvial over glacial erosion or vice versa (Heim, 1885; Penck, 1905; Leith et al., 2018) , could thus be turned into the quantifiable question of the efficiency of each agent to abrade, pluck and crack the rocks, and therefore finally be settled.
Besides the driving forces, the state of the material controls how much stress is needed for each mechanism, their rates, and the overall effect and path. More precisely, due to the fact that the mechanisms work on interfaces on the microscale, the internal structure and stress state of the material poses an important control. This aspect is not well integrated into the studies of subcritical processes in geomaterials so far. A possibility to integrate the stress state into the concept of subcritical mechanisms is to link it with another established concept which provides this, such as 'tectonic predesign' (Figure 2) . Figure 2 . Subcritical processes and tectonic predesign both root in the same stress control perspective. Tectonic predesign provides a concept of the active and passive stress fields, which can provide the circumstances for subcritical stress levels to be sufficient for subcritical processes to fracture, erode and transport the material, which in turn influences the stress fields. The combination and their stress control also offer a conceptual bridging of spatial and temporal scales.
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Of Tectonically Predesigned and Stress Controlled Materials
All rocks on earth are subject to varying stress fields throughout their geologic lifespan and are structurally (pre)conditioned by them (Emery, 1964; Engelder, 1993; Zang and Stephansson, 2010) . We could define active first-order stress fields exerted by gravity, second order by (neo-)tectonics and third order by topography and so on. Passive stress fields would result from structural conditioning during formation of rocks, sediment bodies and landscapes. They are evident as deformational features from the microscale to fault systems spanning hundreds of kilometres, and render the material residually stressed (Kieslinger, 1958; Emery, 1964; Engelder, 1993) . Together the active and passive stress fields are dubbed 'tectonic predesign' (Hantke and Scheidegger, 1999) . The legacy of these stress fields have been seen in the contingency of landforms, erosional features and seismic activity following their pattern (Scheidegger and Ai, 1986; Engelder, 1993; Fjeldskaar et al., 2000) . Gerber and Scheidegger (1969) suggested that along sites where stresses concentrate are fracturing, weathering and erosion fostered, especially in extensional regimes. This very local effect of stress concentration can readily be imaged by breaking a bar of chocolate, where you exploit the grooves to focus stresses (Figure 3 ). Then subcritical stress is sufficient to initiate and propagate a localized fracture through the chocolate or bedrock (Sturgul, 1967; Sturgul and Scheidegger, 1967; Atkinson, 1987) . This principle appears to be valid on all spatial scales (Lawn, 1993; Gudmundsson, 1999; Molnar, 2004) . It can also be argued that the stress state provides a strengthening of the material, hampering weathering and erosion (Müller, 1969; Mattheck and Burkhardt, 1990; Bruthans et al., 2014) . This can be imagined by two bears sitting on three chairs (Figure 4) . The external force (F) provided by a big bear, little bear or no bear influence the internal differential stress state of the chairs (or landscape). The applied force can cause internal deformation and damage but also, by providing confinement, hinder the chair to be moved, i.e. eroded. Thus local stress or no stress can govern geomorphic processes which in turn reinforce topography and stress fields (Gerber and Scheidegger, 1969; Miller and Dunne, 1996; Bruthans et al., 2014) . The character of the relationship between the subcritical processes and the internal stress state also affects the sensitivity and performance of the system, as it may result in a stabilization or a metastable state in which the slightest external disturbance is sufficient to start fracture, erosion or transport (Haefeli, 1965; Brunsden and Thornes, 1979) .
The active stress field component of tectonic predesign is widely integrated into geomorphological investigations, especially triggered by the rapid technological evolution of numerical landscape modelling (Church, 2010) . These models imply that the stress fields provide the circumstances and locations in which geomorphic processes (fluvial, glacial, gravitational, seismic, etc.) take place in the landscape (i.e. Savage and Swolfs, 1986; Miller and Dunne, 1996; Fjeldskaar et al., 2000; Molnar, 2004 ). Yet, numerical studies assessing the control of topographic stresses and topographic history on bedrock fracture density (St Clair et al., 2015; Moon et al., 2017) and glacial valley evolution (Leith et al., 2014) (Figure 5 ) draw their explanation and validation from contingency and similarity of geophysical and geological observations in selected landscapes and valleys.
The passive stress fields component in the modelled responses of rock, however, which introduces a history, (pre) conditioning or a so-called 'memory effects' of the material properties and rheological behaviour has remained (mechanically) simplistic in geomorphology, as it includes only A. VOIGTLÄNDER AND M. KRAUTBLATTER bulk processes and properties (Hart, 1986; Yatsu, 1992) . Lithological and erodability parameters are often given in qualitative ranking orders, for example from 'weak' to 'strong' (Giachetta et al., 2014; Prasicek et al., 2015; Shobe et al., 2017) . In this regard, accepting the study by Roy et al. (2016) in that a higher erodibility is found with reinforcement of strain localization within a shear zone as the river incises ( Figure 6 ). We would argue that in the absence of clear definition of the mechanisms and stress/strain conditions, the model result is self-fulfilling. These models enable us to include stress fields, but they lack a description of the functional relationship between the assumed processes, mechanisms and material properties. This 'rock control' (Yatsu, 1966) , is not consequently adopted in the concept of tectonic predesign which is inherently static. To integrate dynamic geomorphic processes and their interrelation with the evolving stress fields, we suggest combining tectonic predesign with the concept of subcritical processes (Figure 2 ).
Stronger Together?
Both concepts, subcritical processes and tectonic predesign, touch on fundamental assumptions of driving (processes) and resisting (material) forces promoting, landforms and landscapes (form) without mobilizing greatest or critical forces (some extreme events are okay). Each concept has itself proven to provide testable explanations and prediction about geomorphic processes, materials and forms. Both root in the notion of stress fields and complement each other. So let us combine them: Subcritical processes provide the dynamics and mechanisms of the processes that exploit and use the tectonic predesigned locations which in turn reinforce and further ease the geomorphic processes. Additionally, the combination of these two concepts allows to integrate different spatial and temporal scales or at least broach the topic of the effect of the mechanisms at the microscale on the macro response. By defining landscape evolution in terms of a stress-controlled framework the surface processes can also be harmonized with other subsurface or atmospheric processes (Kleidon, 2010; Koons et al., 2012) . Observational and theoretical inconsistencies arising from the aforementioned separation of process-form-materials can be obviated. To substantiate these theoretical amalgamations, we will outline possible research approaches and questions in the following.
Stressed landscapes
We could include stress fields in our research (which is easier said, then done). For that, we would need to quantify the stress, force or energy input typically for a geomorphic process, similar to Wolman and Miller (1960) . Even though we are dealing with coupled systems of a multitude of surface processes they all should have common grounds in (thermo-)mechanics, energy dissipation and storage (Kleidon, 2010) , so we could try to use these to define their units. Given that we can define what we need to quantify, we can look for, adapt and try out methods from other fields and disciplines to measure those. Subsequent we would need to investigate the response of geomaterials to those stress magnitudes, frequencies and orientations to determine what stress or energy levels have an impact and when. There is still a paucity on quantification and delimitation of the mechanisms of subcritical processes (Ventura et al., 2010; Sadler and Jerolmack, 2015; Bergsaker et al., 2016) . Also, we would need to test their feedback relations to other controlling parameters, such as confinement, environmental condition, structural precondition, lithology, rate and magnitude of stresses (i.e. Ramsay, 1967; Atkinson, 1987; Jaeger et al., 2007) . To detect how subcritical processes govern the evolution of the resisting forces, we would need to actually look at the rocks, sediments and soils, from microstructures to plate tectonics. We would need to characterize and parametrize materials on different scales, to get to know our objectives, Figure 6 . Rivers incise where erodability is lower which reinforces the plastic strain in a shear zone (after Roy et al., 2016) . Figure 7 . Anisotropy and heterogeneities are ubiquitous material properties in geomaterials. They highly matter if referenced to applied stresses. To picture this, imagine a random movie scene where a car (mass, m = 1500 kg) speeds up (speed, v = 150 km/h) and bursts through a safety glass window of a bank (compressive strength~900 MPa and flexural strength~90 MPa). Speeding towards the window the car has an impulse (P = m × v), over an impact time of t~0.5 seconds, and thus exerts a force (F = P/t) over an impact area (~1000 × 10 = 10 000 mm 2 ), thus a stress of 12.5 MPa on the glass. Compared to the strength of safety glass, the beetle car would look like a smashed bug on the windscreen. Parallel to the window, a scratch or nudge would be sufficient to shatter the glass.
BREAKING ROCKS MADE EASY
which is sometimes not sufficiently done in present-day modelling, provenance and dating studies.
Relationships and structures
The combination of the concepts highlights the feedback relationships of the geomorphic MFP triangle. Their nature, as well as spatial and temporal scaling relations, offer new possibilities to conceptualize and formalize appropriate geomorphic laws. They might exhibit an internal threshold or gradual emergent behaviour, or are dominated by external extreme events. Here we could fall back on other existing concepts such as 'geomorphic thresholds' (Schumm, 1979) , or 'landscape sensitivity' (Brunsden and Thornes, 1979) . This non-linearity of the processes is matched by the standard situation of anisotropy in the material.
Linearity and isotropy may be useful assumptions for firstorder relations or may oversimplify and disguise the nature of relationships we are investigating. The structural preconditioning, sorting and deposition of the materials are evident on various scales, defining bedding, layering or lithological discontinuities, remaining as fabric, texture and compositions, and presenting microcracks, fractures, joints, faults and folds. Their abundance, orientation and spatial distribution aggregate to define the heterogeneity of the mechanical and hydraulic properties, strength and erodability (Dühnforth et al., 2010; Clarke and Burbank, 2011) . This internal structure is expressed in preferential orientation of ridges and valleys (Scheidegger and Ai, 1986; Eyles et al., 1997; Hodgkinson et al., 2006; Castelltort et al., 2012) or in differential weathering (Whalley et al., 1982; Holzhausen, 1989; Røyne et al., 2008) . Structural (strength) anisotropy is an important control in geomorphology as it determines the spatial orientation in which erosion or cracking is eased, while hampered in another (Kieslinger, 1958; Chandler et al., 2016) . These mechanical and morphological anisotropies effect however not only the strength and deformation behaviour but also the stress distribution within the material (Müller, 1963 (Müller, , 1964 . This aspect also becomes evident when reconsidering a movie scene where a car speeds through a safety glass window of a bank (Figure 7 ).
Geomorphological modes
Turning to the effect of applied forces on the material, and back to stress field and form, the spatial direction and location, in reference to structural properties, represent key factors on the efficiency of the subcritical mechanisms. Therefore, we should assess where stresses can concentrate, strains build up and damage accumulates. We need to determine in which manner (fracture mechanical mode) the materials and structures are stressed, torn, crushed, and wedged, statically or dynamically and which subcritical stress magnitudes matter (Figure 8 ). These where and how questions play a decisive role in the rate and extent that subcritical processes can facilitate progressive fracture, weathering and erosion. In addition, we must integrate the dependence of material rheology and properties on environmental conditions (thermal, hydro, hydraulic, chemical, etc.) in the critical zone.
Conclusion
We hope we have planted the seed that theoretical geomorphology can be tangible and can provide a useful framework to build and organize research. If underlying theoretical concepts and assumptions are made more explicit in research and publications this can strengthen the discourse of geomorphology and its imaginaries. In combining subcritical processes and tectonic predesign we see a great opportunity to better explain, why and where we see a geomorphic divers' landscape. The merger of these two concepts provides a framework for further research that accounts for the driving forces of the processes, resisting and enabling material states and forms, to better understand the trajectories of the forms we study, and to break rocks easily. Figure 8 . The efficiency of a force also depends on the mode and direction it is applied in, e.g. plucking, flaking or cracking. This mechanical control is readily imaged if your cup is glued to a table (by mistake). If you simply tried to pull it off, a major or critical force is needed. If you tear it off step by step, subcritical stress levels are sufficient and can even be reduced as the detached area or crack lengthens, to remove it.
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